Abstract-The performance of GaN-based flip-chip lightemitting diodes (LEDs) with embedded air voids grown on a selective-area Ar-implanted sapphire (SAS) substrate was demonstrated in this letter. The GaN-based epitaxial layers grown on Ar-implanted regions exhibited lower growth rates compared with those grown on implantation-free regions. Accordingly, air voids formed over the implanted regions after merging laterally grown GaN facet fronts. The light-output power of LEDs grown on SAS was greater than that of LEDs grown on implantationfree sapphire substrates. The output power of LEDs grown on SAS was enhanced by 20% at an injection current of 700 mA. The increase in output power was mainly attributed to the scattering of light around the air voids, which increased the probability of photons escaping from the LEDs.
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I. INTRODUCTION
H IGH-power GaN-based light-emitting diodes (LEDs) are a promising next-generation general lighting source [1] . Vertical thin-GaN LEDs have been recently identified as a more promising structure compared with other traditional LED structures with sapphire substrates in terms of improving the efficiency of high-power LEDs [2] - [4] . In addition to vertical thin-GaN LEDs, flip-chip design, without the removal of the sapphire substrate, is another method to achieve GaN LEDs with high power and efficiency. No bonding wires are placed on top of devices with flip-chip design; thus, photons can be emitted freely from the substrates (e.g., sapphire). Furthermore, a flip-chip LED (FC LED) with a GaN LED chip is mounted on a submount with high thermal conductivity. Downward-propagating light can be reflected upward by placing a metallic reflector on the topmost p-GaN layer [5] . The light emitted from active layer may interfere with the cavity formed between the metallic mirror and the sapphire substrate in a GaN FC LED. Previous studies have found that optical cavity effect has a significant influence on the light-extraction efficiency (LEE) of FC LEDs because the distance between quantum well (QW) and the metallic mirror varies and subsequently causes light interference [6] . A new FC LED with an embedded light scattering layer is proposed in this letter to destroy the light interference and increase the LEE of GaN-based FC LEDs. An embedded light scattering layer made of void array was formed on the interface between the sapphire substrate and GaN underlying layer. The GaN-based epitaxial layers were grown through metal-organic vaporphase epitaxy on selective-area Ar-implanted AlN/sapphire (AIAS) substrates to form the void array [7] , [8] . Selective and subsequent lateral growths resulted from the difference in the lattice constants between the implanted and implantationfree regions. Consequently, air voids were formed over the implanted regions around the GaN/AlN/sapphire interfaces; these voids served as light-scattering layers [7] , [8] . The detailed processes and properties of GaN FC LEDs with and without an embedded light-scattering layer composed of an air void array are discussed in this letter.
II. EXPERIMENT
In this letter, a 25 nm-thick ex situ sputtered AlN nucleation layer was deposited onto the sapphire substrates to serve as templates. During the RF sputtering process, AlN targets were used to deposit AlN thin film [7] , [8] . The typical growth rate and temperature of AlN thin films were 5 nm/min and 750°C, respectively. Before the growth of LED epitaxial structures, Ar ion implantation, in which the dosage and energy were 1 × 10 16 /cm 2 and 100 keV, respectively, was selectively performed on the AlN/sapphire templates. For the creation of periodically implanted regions, a 90 nm-thick SiO 2 layer was deposited on the AlN/sapphire templates to serve as the ion-stop layer. This SiO 2 layer leads to the implanted Si ions accumulated next to the surface of the AlN layer. Next, a 2-µm-thick photoresistor (PR) layer, which served as mask layer, was deposited on the SiO 2 /AlN/sapphire templates. Circular openings on the PR and SiO 2 layers were defined using photolithography and wet etching process. After the Ar-implantation process and removal of the mask layers, the diameter of the Ar-implanted regions and the spacing between the circular implanted regions were 3 µm. The epitaxial layers of the LEDs included an AlN layer prepared by RF sputtering, a 3-µm-thick unintentionally doped GaN grown at 1050°C, a 1.7-µm-thick Si-doped n-GaN layer 0741-3106 © 2013 IEEE grown at 1050°C, a 10-pair In 0.3 Ga 0.7 N/GaN multiquantum well (MQW) structure grown at 750°C, a 0.05-µm-thick Mg-doped p-Al 0.15 Ga 0.85 N electron blocking layer, and a 0.2-µm-thick Mg-doped p-GaN top contact layer grown at 1000°C. The carrier concentrations of the n-GaN and p-GaN layers were ∼8 × 10 18 /cm 3 and 5 × 10 17 /cm 3 , respectively. After the epitaxial growth, the GaN-based LEDs had air voids at the interface between the AlN/sapphire substrate and the GaN layer. Fig. 1(a) shows a typical optical microscopy image taken from sapphire side for a representative LED grown on the AIAS. The inset of Fig. 1(a) shows an enlarge image focused at the GaN/sapphire interface. The image clearly indicates that GaN-based LEDs with embedded air voids beneath the InGaN/GaN MQW active layer could be formed using the AIAS. The detailed formation mechanism and growth procedure of the voids have been described elsewhere [7] , [8] . In this letter, LEDs with embedded air voids were labeled as LED-I. The LED structures grown on AlN/sapphire substrates without selective-area Ar implantation were also prepared and labeled as LED-II. For the flipchip device process, multiple metal layers of Ni/Ag/Ni/Au (1/200/50/800 nm) were deposited onto the p-GaN top layer of GaN-based LED wafers and then annealed at 350°C to serve as the reflector/ohmic contact layer after exposing the n + -GaN layer through selective plasma etching [9] . Next, a bilayer metal composed of Cr/Au (0.05/1.5 µm) was deposited onto the metal reflector and n + -GaN layer to serve as the anode and cathode bonding pads [10] . A bilayer Ti/Au (20/1500 nm) metal was selectively deposited onto the AlN substrate to serve as the bonding pad. The AuSn bumps were then formed on the pads to serve as the bonding material for the flip-chip process. After the flip process, the temperature of the AlN submount was increased to 280°C to combine the GaN LED with the AlN submount. Fig. 1(b) shows a diagram of the FC LED structure with light-scattering layer composed of an embedded void array. All the experimental LEDs used in this letter had an area of 1 mm × 1 mm. Room temperature currentvoltage (I -V ) characteristics of the LEDs were measured with HP-4156C semiconductor parameter analyzer. The light output Fig. 2(a) and (b) shows the relative L-I and I -V characteristics of the LEDs, respectively. With an injection current of 700 mA, the output power of LED-I was enhanced by 20%, compared with LED-II. This result can be attributed to the fact that the embedded air voids formed at the sapphire/AlN/GaN interfaces of LED-I served as a light-scattering layer. Induced index steps at the sapphire/AlN/GaN interfaces resulted in an increase in the escape probability of photons. As a result, the photons emitted from the active layer of LED-I experienced significant reflection and redirection at the sapphire/AlN/GaN interfaces, providing a short average path before the photons escaped into free space. This contention is supported by the evaluation of far-field beam patterns obtained from the LEDs (data not shown here). The typical widths of beam patterns for LED-I and LED-II were 156°and 160°, respectively, when the LEDs were driven at a current of 350 mA. The narrower beam pattern of LED-I is attributed to the shorter photon path length of LED-I before the photons escape into free space. In other words, more photons were extracted from the top surface of LED-I than from that of LED-II. In LED II, if photons were not absorbed by active layer after undergoing multiple reflections between u-GaN/sapphire and p-GaN/metal reflector, the photons will be extracted from the periphery of the LEDs. Thus, the percentage of photons extracted from the periphery of LED-II was higher than that extracted from LED-I. As a result, wide beam patterns were observed in LED-II. However, the light output of LED-I was slightly lower than the LED-II when the driving current was lower than 200 mA. According to the ABC model, internal quantum efficiency (IQE) is mainly proportional to Bn 2 , and the external quantum efficiency (EQE) can be tentatively expressed as follows:
III. RESULTS AND DISCUSSION
where n is carrier concentration. A, B, and C represent the Shockley-Read-Hall, radiative, and Auger coefficient, respectively. One can tentatively suggest that the relative higher TD-related defects in the LED-I could result in the higher A, and thereby lead to the relative lower efficiency of LED-I when the driving current was <200 mA. The EQE of LED-I increasingly exceeded the LED-II when the driving currents increased over 200 mA. This is due to the fact that the IQE is dominated by the term of Bn 2 when the driving currents increased before the Auger recombination occurs. On the other hand, we used ray tracing simulation to estimate the LEE of the LED-I and LED-II. The preliminary results indicated that LED-I exhibited 15-20% enhancement in LEE compared with that of LED-II. At a high-current driving, photons might be reabsorbed by QWs, which is especially due to the LED-II with low LEE, to cause joule heating or excite extra carriers to lead to efficiency droop or both. The aforesaid contention could be indirectly evidenced by the semilog I -V characteristics of the experimental LEDs, as shown in the inset of Fig. 2(b) . The forward current of LED-I was higher than those of LED-II when the bias voltage was <2 V. However, the currents at bias voltage >2 V were almost the same. In general, recombination events dominate the forward current at low bias voltage. According to the I -V characteristics, the relative higher recombination current may result from TD-related defects. In LED-I, the merged crystal planes above the air gaps may induce TDs along the growth direction. The TD-related defects might be the TD-related surface pits localized above the gaps. The present FC LEDs were attached to AlN submounts via AuSn bumps and thermal annealing process. The submounts/bumps with high thermal conductivity and large chip size could result in significant thermal stress compared with those of conventional LEDs revealed in [7] and [8] . After thermal annealing, the TD density in the FC LEDs would be higher than those of conventional LEDs [7] , [8] due to the stress release. The negative effect of TD on the IQE at low bias current was thus significant. Fig. 3 shows a micrograph of LED-I placed on an AlN submount. Periodic features resulted from light scattering in the embedded air voids at an operation current of 350 mA as shown in the inset of Fig. 3 . At an injection current of 350 mA, the typical forward voltages (V f ) were 2.91 and 2.90 V for LED-I and LED-II, respectively [ Fig. 2(b) ]. The tiny difference in V f implies that the lateral growth of the GaN layer on the Ar-implanted sapphire substrate did not induce significant degradation of electrical property.
IV. CONCLUSION
The GaN-based FC LEDs grown on AIAS substrates form air voids at the sapphire/GaN interface. The light-output power of LEDs grown on AIAS was greater than that of LEDs grown on implantation-free sapphire substrates. The greater output power was caused by the scattering of light around the air voids, which increased the probability of photons escaping from LED. In addition, the LEDs grown on AIAS exhibited electrical properties comparable with those of LEDs grown on implantation-free sapphire substrates. This letter on FC LEDs with embedded light-scattering layer highlights the potential application of these LEDs as an alternative to conventional patterned sapphire substrates for improving the LEE of GaN/sapphire-based LEDs.
